proinflammatory cytokines tumor necrosis factor alpha and interleukin-1␤ (IL-1␤) up-regulate the expression of GCP-2/CXCL6, while gamma interferon has a down-regulating effect (27) .
␤-Defensins are potent antimicrobial peptides produced by inflamed epithelium (9) . In recent years, some chemokines have been demonstrated to exert defensin-like antimicrobial activity. Examples of these are the CC chemokines macrophage inflammatory protein 3␣/CCL20 and mucosa-associated epithelial chemokine/CCL28, as well as the ELR-negative CXC chemokine MIG/CXCL9 (4, 11, 29) . Given that GCP-2/ CXCL6 is expressed by epithelial cells at mucosal surfaces prone to infection, we investigated the potential antibacterial activity of this chemokine. In the present study, we show for the first time that GCP-2/CXCL6 disrupts membranes and is a potent antibacterial chemokine with activity against several bacterial pathogens relevant in mucosal infections.
MATERIALS AND METHODS

Chemicals and reagents.
Recombinant human chemokines GCP-2/CXCL6, epithelial-cell-derived neutrophil attractant 78 (ENA-78)/CXCL5, and neutrophil-activating peptide 2 (NAP-2)/CXCL7, affinity-purified polyclonal rabbit antibodies against GCP-2/CXCL6, and preimmune rabbit immunoglobulin G (IgG) were from PeproTech, London, United Kingdom. The synthetic peptides GPV-50 (GPVSAVLTEL RCTCLRVTLR VNPKTIGKLQ VFPAGPQCSK VEVVASLKNG) and APF-19 (APFLKKVIQK ILDSGNKKN), derived from the sequence of the mature human GCP-2/CXCL6 holopeptide, were 95% pure (Genscript Corporation, Piscataway, NJ). Citrated plasma from healthy donors was obtained from the Blood Center, University Hospital, Lund, Sweden. and the protein/peptide structure was monitored in the range of 200 to 260 nm. We subtracted the background value detected at 250 nm and corrected for signals from the bulk solution. The secondary structure was monitored at a peptide concentration of 10 M in buffer alone, in the presence of liposomes (lipid concentration, 100 M), and in the presence of LPS from E. coli 0111:B4 (0.2 mg/ml; Sigma-Aldrich, St. Louis, MO). The helix content was quantified at 222 to 225 nm by using reference spectra for samples containing 100% ␣-helix and 100% random coil. As references, we used 0.133 mM (monomer concentration) poly-L-lysine in 0.1 M NaOH and HCl, respectively.
Western blot analysis for binding of GCP-2/CXCL6 to the bacterial surface. S. aureus (strain Newman) bacteria were cultured overnight in 10 ml TH medium, pelleted by centrifugation, washed three times, and resuspended in 1 ml of 10 mM Tris-HCl (pH 7.5). Then 100 l of bacteria was incubated for 5 min at room temperature with 5 g of GCP-2/CXCL6 or human IgG (Sigma) in 100 l of the same buffer with or without NaCl at a final concentration of 150 mM. Samples were washed three times with 1 ml of buffer with or without NaCl. Bacterial pellets were resuspended in 50 l of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. Five microliters of sample was separated by SDS-PAGE (using 16.5% Tris-Tricine gels for GCP-2/CXCL6-incubated samples and 10% Tris-glycine gels for IgG-incubated samples), followed by electroblotting to polyvinylidene difluoride membranes (Immobilon-P; Millipore, Bedford, MA). The membrane containing GCP-2/CXCL6 was blocked with Superblock T20 (PBS) (Pierce, Rockford, IL), followed by incubation with polyclonal anti-GCP-2/CXCL6 antibodies (dilution, 1:1,000; Peprotech) in Superblock, a wash in PBS with 0.1% Tween 20 (PBST), incubation with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:3,000; Bio-Rad, Hercules, CA) in Superblock, and a wash in PBST. The membrane containing IgG was blocked with PBST containing 5% (wt/vol) skim milk, followed by incubation with horseradish peroxidase-conjugated protein G (1:5,000; Bio-Rad) and a wash in PBST. Both membranes were developed using the SuperSignal West Pico peroxidase substrate (Pierce) and were analyzed using a Chemidoc XRS imaging system and Quantity One image analysis software (Bio-Rad).
RESULTS
GCP-2/CXCL6 possesses antibacterial activity. GCP-2/ CXCL6 was examined for potential antibacterial activity against a panel of bacteria relevant as causative agents of infections of dermis and mucosal surfaces. The bacteria included gram-positive (S. pyogenes, S. dysgalactiae subsp. equisimilis, and S. aureus) and gram-negative (E. coli and P. aeruginosa) bacteria. By use of a bactericidal assay, GCP-2/CXCL6 showed bactericidal effects against all bacterial species investigated. The concentrations killing 50% and 90% of the bacteria, respectively, are displayed in Table 1 . GCP-2/CXCL6 at concentrations as high as 2 M (16 g/ml) did not affect the survival of C. albicans.
GCP-2/CXCL6 associates with the surfaces of bacteria and evidently causes disruption of bacterial membranes. To further investigate the interaction of GCP-2/CXCL6 with bacterial membranes, bacteria were subjected to the bactericidal a Bactericidal assays were performed using the indicated bacterial species, which were cultured to mid-log phase and then incubated with GCP-2/CXCL6 at increasing concentrations for 1 h at 37°C.
b Values are means Ϯ SEM.
assay and then immunolabeled to detect GCP-2/CXCL6 (Fig.  1 ). To avoid nonimmune binding of antibodies to bacterial surface proteins (e.g., protein A of staphylococci or protein G of streptococci), E. coli was chosen for these experiments. Bacteria are depicted by differential interference contrast (Fig.  1A) , and the DNA is visualized, providing a perspective (Fig.  1B) . The peptide staining pattern showed an intense "dot-like" appearance, as visualized by fluorescence microscopy ( Fig. 1C  and D ). This suggests that GCP-2/CXCL6 may polymerize or accumulate before or during binding to the bacterial surface.
The results from enumeration of positively and negatively stained bacteria showed that GCP-2/CXCL6 associated with approximately 80% of the bacteria (Fig. 1E ).
Electron microscopy was used to visualize the effect of GCP-2/CXCL6 on the integrity of the bacteria during killing. In contrast to untreated control bacteria (Fig. 1F) , bacteria incubated with GCP-2/CXCL6 showed membrane protrusions and leakage of cellular contents (Fig. 1G) .
Structural prediction and physiochemical properties of GCP-2/CXCL6 in relation to its antibacterial activity. In order to define the antibacterial region of GCP-2/CXCL6, a predictive model based on known structures of other members of the chemokine family was made (Fig. 2) . GCP-2/CXCL6 contains the typical CXC motif that forms disulfide bonds with cysteines 12 to 38 and 14 to 54 (Fig. 2) . The NH 2 terminus, most likely, is an unstructured region, followed by three antiparallel ␤-sheets and a short ␣-helix ( Fig. 2A) . When the amino acids are displayed by class (hydrophobic or hydrophilic), the ␣-helical COOH-terminal region shows amphipathic features (Fig. 2B ). This was confirmed by the depiction of the putative COOH-terminal ␣-helix (amino acids 56 to 77) as a helical wheel, giving a view of a helix from a protein sequence looking down the axis of the helix (Fig. 2C) .
To delineate what regions of the GCP-2/CXCL6 molecule are responsible for antibacterial activity, a 50-amino-acid peptide of the NH 2 -terminal region (GPV-50) of GCP-2/CXCL6 and a 19-amino-acid peptide (APF-19) corresponding to the putative amphipathic ␣-helix of the COOH-terminal region were compared with the GCP-2/CXCL6 holopeptide with regard to biochemical properties and antibacterial activity (Table   FIG. 2). We hypothesized that the COOH-terminal region could possess high antibacterial activity, since the amphipathic ␣-helical structure is a common feature of antibacterial peptides (2) . The antibacterial activities of the peptide derivatives against S. pyogenes and E. coli were investigated using the bactericidal assay. Interestingly, GPV-50 clearly showed higher antibacterial activity than APF-19, but both peptides showed less antibacterial effect than the holopeptide (Tables 1 and 2 ). Effects of GCP-2/CXCL6 and its derivatives on liposomes. Liposome leakage experiments were performed in order to investigate the correlation between bacterial killing and defect formation in lipid membranes and to further confirm our microscopy-based results showing bacterial membrane integrity compromise. Clear differences were observed between the peptide and its derivatives with regard to leakage induction. The holopeptide GCP-2/CXCL6 and the NH 2 -terminal peptide GPV-50 showed comparable potency regarding leakage induction in negatively charged DOPE/DOPG liposomes. Their activities were comparable to the benchmark membranedisruptive peptide LL-37, and they were considerably more potent than APF-19 (Fig. 3A) . In the presence of 150 mM NaCl, liposome disruption decreased for all peptides investigated, suggesting that electrostatics plays a key role in the action of these compounds and corroborating numerous previous findings on antimicrobial peptides (Fig. 3B) . The ranking of the peptides regarding leakage induction in liposomes and the effects of electrolytes on peptide-induced liposome disruption both correlate well with our results for bacterial killing, suggesting a pivotal role of the disruption of the lipid membrane(s) in the bacterial walls as a key component in the antibacterial action of these peptides. This notion is also corroborated by the rapid kinetics of liposome rupture: 70 to 80% of the leakage is reached after Ͻ1,000 s for APF-19 and GPV-50 (Fig. 3C) . Quantitatively, liposome disruption by GCP-2/CXCL6 was markedly slower than that by GPV-50 and APF-19, reflecting slower diffusion to the liposome surface due to its larger size, but possibly also a more complex lipid membrane interaction.
Helical content of GCP-2/CXCL6 and its derivatives as studied by CD spectroscopy. In order to provide an experimental comparison to the molecular modeling prediction, CD measurements were performed. The results are shown in Table 3 and Fig. 4 . In partial agreement with the modeling, both the peptide derivatives indeed display a certain degree of ␣-helical conformation, although helix formation is incomplete for each of these peptides, and for GPV-50 it is relatively minor in quantitative terms. For GCP-2/CXCL6, on the other hand, the total helical content is relatively great. Interestingly, the CD FIG. 2. Predicted structure of GCP-2/CXCL6 in relation to antibacterial activity. (A) Predictive model based on known structures of other members of the chemokine family. The NH 2 terminus, most likely, is an unstructured region followed by three antiparallel ␤-sheets that are held together by disulfide bonds involving the cysteines of the CXC motif (yellow). The COOH terminus is presumably an ␣-helix (purple). (B) The putative COOH-terminal ␣-helix (amino acids 56 to 77) has an amphipathic structure where hydrophobic (blue) and hydrophilic (white/yellow) amino acids are arranged in a polarized fashion. (C) The amphipathic character of the COOH terminus is further elucidated by depicting it as a helical wheel, giving a view of a helix from a protein sequence, looking down the axis of the helix. In contrast, significant ordered-structure formation is observed upon binding of all three peptides to LPS, although it is not possible from the current data to determine whether the latter effects are due to peptide-induced conformational changes in LPS, LPS-induced conformational changes in the peptides, or both.
Effects of NaCl and plasma on the antibacterial activity of GCP-2/CXCL6. Many antibacterial peptides, such as defensins, show decreased activity in the presence of NaCl and plasma (9) . To investigate whether the decreased liposomal leakage induced by the peptides in the presence of NaCl would also influence bacterial killing, the bactericidal assay was used. Also, because the presence of plasma is known to inhibit the antibacterial activities of other peptides, we tested its influence on GCP-2/CXCL6-mediated killing. Since plasma alone affected the survival of S. pyogenes (7), strains of S. aureus (5120) and E. coli were chosen for investigation of the effect of plasma on antibacterial activity (Fig. 5) . The presence of low concentrations of plasma strongly inhibited the killing of S. aureus by GCP-2/CXCL6, while plasma concentrations of 10% or higher were required to decrease the extent of killing of E. coli (Fig.  5A) . A possible explanation for the difference in sensitivity to GCP-2/CXCL6-induced killing in the presence of plasma may be plasma protein-binding structures on the surface of S. aureus, providing protection against antibacterial peptides.
S. pyogenes and, to some extent, E. coli show decreased viability in the presence of NaCl at 150 mM. Therefore, S. aureus was chosen for examination of the effect of NaCl on the antibacterial activity of GCP-2/CXCL6 (Fig. 5B) . Antibacterial activity was slightly reduced at 50 mM NaCl, while at 100 mM and 150 mM, most of the antibacterial activity was abolished.
It was not clear from the viable-count experiment and our microscopy findings whether, in the presence of NaCl, the binding of GCP-2/CXCL6 to bacteria is inhibited or whether the chemokine binds to the bacterial surface without affecting bacterial viability. Therefore, S. aureus (strain Newman) was incubated with GCP-2/CXCL6 in the presence or absence of 150 mM NaCl, followed by Western blot analysis of cell extracts using anti-GCP-2/CXCL6 antibodies. This revealed that in the absence of NaCl there was a strong GCP-2/CXCL6 signal, while in the presence of NaCl there was only a very weak signal (Fig. 5C) . The weak signals in both samples at approximately 50 kDa most likely represent direct binding of primary and secondary antibodies to cell wall-anchored protein A. In contrast, protein A-mediated IgG binding to the bacteria, examined using peroxidase-labeled protein G, did not differ between samples incubated with or without NaCl. These results indicate that 150 mM NaCl directly inhibits the binding of GCP-2/CXCL6 to S. aureus and thereby inhibits the antibacterial activity of the peptide in vitro. The related chemokines ENA-78/CXCL5 and NAP-2/CXCL7 exert lower antibacterial activities than GCP-2/CXCL6. The amino acid sequences of mature GCP-2/CXCL6, ENA-78/ CXCL5, and NAP-2/CXCL7 were compared to each other. On the amino acid level, ENA-78/CXCL5 showed 78% similarity with GCP-2/CXCL6 while NAP-2/CXCL7 showed 18% similarity (data not shown). The antibacterial activities of ENA-78/CXCL5 and NAP-2/CXCL7 against S. pyogenes were compared with that of GCP-2/CXCL6 by using the bactericidal assay. ENA-78/CXCL5 and NAP-2/CXCL7 showed equally potent antibacterial activities against S. pyogenes; both were approximately 90-fold less active than GCP-2/CXCL6 (Table 4) .
DISCUSSION
This study shows for the first time that GCP-2/CXCL6 has antibacterial activity against several gram-positive and gramnegative aerobic bacteria relevant to mucosal and dermal infections. Our findings demonstrate a NaCl-sensitive binding of the peptide to the bacterial surface, resulting in membrane protrusions, bacterial killing, and, in parallel, an ability to induce liposomal leakage. The typical antimicrobial peptide is amphipathic and carries a positive net charge at physiological pH. It is believed to function via insertion into and disruption of the bacterial membrane or to act via intracellular targeting (2). GCP-2/CXCL6 is cationic, having a pI of 9.75. It also has amphipathic sequences, especially in its COOH-terminal region. There are structural similarities between GCP-2/CXCL6 and antibacterial defensins. The defensins are divided into two main groups: ␣ and ␤.The ␣-defensins are produced in myeloid precursor cells in the bone marrow and stored in granules, while ␤-defensins are produced by epithelial cells and leukocytes (8) . Like GCP-2/CXCL6, ␣-defensin-1 and -2 contain a conserved CXC motif in the NH 2 -terminal region of the mature peptide, as do the structurally related ␤-defensins. These molecules, like GCP-2/CXCL6, have been shown to be chemotactic for leukocytes (3, 25) . In addition, the antibacterial activities of both ␤-defensins and GCP-2/CXCL6 are sensitive to and inhibited by presence of NaCl at physiological concentrations. In summary, GCP-2/CXCL6 shares both structural and functional characteristics with defensins. Interestingly, our structural prediction of the intramolecular positioning of the antibacterial activity was not in accordance with the results from the CD spectroscopy studies. Indeed, both derivatives possessed helical contents, but GPV-50 was the more potent as a bactericidal agent. The lack of activity on Candida albicans may indicate a GCP-2/CXCL6 preference for non-ergosterolcontaining membranes. The protrusions and leakage of intracellular material visualized by electron microscopy suggest a peptide-mediated effect on the bacterial membrane, although the timing of this event cannot be precisely determined.
Expression of GCP-2/CXCL2 is induced mainly by inflammatory stimuli, such as IL-1␤, at epithelial surfaces (28) . Recently, we showed that inflamed pharyngeal epithelial cells possess an antibacterial activity that is, at least in part, dependent on expression of the interferon-dependent CXC chemokine MIG/CXCL9 (5). It must be considered that when relevant concentrations of IL-1␤ are generated, GCP-2/CXCL6 is likely to contribute to antimicrobial activity at the host-pathogen interface. In health, GCP-2/CXCL6 may, together with other regulators, contribute to maintaining a low but constant level of protection against bacterial colonization. By using LL-37 as a model peptide, the extent of ␣-helicity was shown to correlate with antibacterial activity against both gram-positive and gram-negative bacteria (13) . The presence of NaCl alters peptide helicity and thus decreases antibacterial activity. The results from liposomal leakage studies and the bactericidal assay presented in the current study confirm that leakage induction and bacterial killing were negatively influenced by the presence of NaCl. Hence, it seems likely that GCP-2/CXCL6 exerts antibacterial activity in environments where NaCl and Possibly the tonsils are a locale displaying near-optimal conditions for the antibacterial activity of GCP-2/CXCL6. In addition, with regard to timing of the bacterial presence, an antibacterial peptide such as GCP-2/CXCL6 may exert its action in the initial phase of the encounter, prior to the efflux of plasma proteins and neutrophils to the site of injury. At later time points, plasma proteins will exert actions to restore homeostasis, and bacterial corruption of plasma proteins will have started. Chemokines in general oligomerize and have glucosaminoglycan-binding properties. As a consequence, an accumulation on the surfaces of epithelial cells may provide an immobilized antibacterial gradient (19) . Future studies will test this hypothesis. However, in order for an interaction between GCP-2/ CXCL6 and the bacterial membrane to occur, a higher affinity than that between a glucosaminoglycan and a peptide may be required. Our CD spectroscopy data indicate that the holopeptide and the COOH-terminal peptide adopted a helical conformation upon interaction with either negatively charged liposomes or LPS. These findings provide new information on how this chemokine acts in its physiological setting upon the encounter with a bacterium, and perhaps such an environmentdependent conformational change can account for an anchoring mechanism. In a recent publication, Sumby et al. demonstrate the proteolytic degradation of GCP-2/CXCL6 and GRO-␣/CXCL-1 by the streptococcal enzyme SpyCEP (24) . This may serve as additional evidence that it is important to pathogenic bacteria to evade not only the neutrophil recruitment caused by GCP-2/CXCL6 but also its antibacterial activity.
In a previous study, GCP-2/CXCL6 was reported not to possess antibacterial activity (29) . The protocols of the previous study and the current work differed. The presence of Trypticase soy broth in the bactericidal assay (which was used in the previous but not the current study) may have neutralized the antibacterial activity of GCP-2/CXCL6. In the current study, we also examined the related chemokines ENA-78/CXCL5 and NAP-2/CXCL7 for antibacterial activity. The primary amino acid sequence of human GCP-2/CXCL6 has a rather weak similarity with that of the related ELR-positive CXC chemokine IL-8/CXCL8 (30%), which is more homologous with ENA-78/CXCL5 (77%). Although ENA-78/CXCL5 showed 88% similarity and NAP-2/CXCL7 showed 64% similarity to GCP-2/CXCL6, these chemokines displayed low degrees of antibacterial activity in our hands. Interestingly, a COOH-terminal deletion product of NAP-2/CXCL7 isolated from human platelets has previously been reported to have direct antibacterial activity (14) . Possibly such a COOH-terminal trimming is required for antibacterial activity, since we failed to record a potent activity for this peptide in our study. Perhaps a similar trimming of GCP-2/CXCL6, if this phenomenon occurs in vivo, would enhance its antibacterial effect.
In the future, GCP-2/CXCL6 and molecules derived from it may have a potential use as bactericidal agents. Exact mapping of the molecules' antibacterial activity and interaction with receptors is important, because receptor activation could lead to extensive inflammation through recruitment and activation of neutrophils. As a promoter of angiogenesis, a relevant derivative of GCP-2/CXCL6 could be of additional value in wound healing. Although further studies will be needed to address these applications, the discovery of the antibacterial activity of GCP-2/CXCL6 adds to our current understanding of the function of human innate defense peptides and the structural basis of their antibacterial activity.
